The Aedes aegypti mosquito is a major vector for arboviruses including 19 dengue, chikungunya and Zika virus. Combating the spread of these viruses 20 requires a more complete understanding of the mosquito immune system. 21 Recent studies have implicated genomic endogenous viral elements (EVEs) 22 derived from non-retroviral RNA viruses in insect immunity. Because these 23 elements are inserted into repetitive regions of the mosquito genome, their large-24 scale structure and organization with respect to other genomic elements has 25 been difficult to resolve with short-read sequencing. To better define the origin, 26 diversity and biological role of EVEs, we employed single-molecule, real-time 27 sequencing technology to generate a high quality, long-read assembly of the Ae. 28 aegypti-derived Aag2 cell line genome. We leverage the quality and contiguity of 29 this assembly to characterize the diversity and genomic context of EVEs in the 30 genome of this important model system. We find that EVEs in the Aag2 genome 31 are acquired through recombination by LTR retrotransposons, and organize into 32 larger loci (>50kbp) characterized by high LTR density. These EVE containing 33 loci are associated with increased transcription factor binding sight density and 34 increased production of anti-genomic piRNAs. We also detected piRNA 35 processing corresponding to on-going viral infection. This global view of EVEs 36 and piRNA responses demonstrates the ubiquity and diversity of these heritable 37
Abstract 18 The Aedes aegypti mosquito is a major vector for arboviruses including 19 dengue, chikungunya and Zika virus. Combating the spread of these viruses 20 requires a more complete understanding of the mosquito immune system. 21 Recent studies have implicated genomic endogenous viral elements (EVEs) 22 derived from non-retroviral RNA viruses in insect immunity. Because these 23 elements are inserted into repetitive regions of the mosquito genome, their large-24 scale structure and organization with respect to other genomic elements has 25 been difficult to resolve with short-read sequencing. To better define the origin, 26 diversity and biological role of EVEs, we employed single-molecule, real-time 27 sequencing technology to generate a high quality, long-read assembly of the Ae. 28 aegypti-derived Aag2 cell line genome. We leverage the quality and contiguity of 29 this assembly to characterize the diversity and genomic context of EVEs in the 30 genome of this important model system. We find that EVEs in the Aag2 genome 31 are acquired through recombination by LTR retrotransposons, and organize into 32 larger loci (>50kbp) characterized by high LTR density. These EVE containing 33 loci are associated with increased transcription factor binding sight density and 34 increased production of anti-genomic piRNAs. We also detected piRNA 35 processing corresponding to on-going viral infection. This global view of EVEs 36 and piRNA responses demonstrates the ubiquity and diversity of these heritable 37 elements that define small-RNA mediated antiviral immunity in mosquitoes. 38 41 Arboviruses such as Dengue virus (DENV), Chikungunya virus (CHIKV), 42 and the newly emerging Zika virus, cause widespread and debilitating disease 43 across the globe (Bhatt et al., 2013) . The primary vector of these viruses, Aedes 44 aegypti, has a global tropical/subtropical distribution (Kraemer et al., 2015) 45 creating distinct, geographically isolated populations. The genetic diversity of 46 Aedes populations has resulted in differential competence for vectoring virus 47 (Bennett et al., 2002) . Differences in the insect immune system are critical factors 48 in determining competence (Kramer, 2016; Kramer & Ciota, 2015) and recent 49 studies suggest that virus-derived sequences in the mosquito genome may 50 contribute to resistance (Kunitomi et al., submitted). Comparative genomics may 51 explain these differences in vector competence between Ae. aegypti populations, 52 however the repetitive nature of the mosquito genome has been refractory to 53 assembly. 54 The genomic acquisition of viral sequences represents an important 55 source of genomic diversity and immune innovation in eukaryotes (Aswad & (Chuong, et al., 2016) . In addition, many sequences originating from 61 non-retroviruses have integrated into the genomes of their eukaryotic hosts. 62 These non-retroviral endogenous viral elements (EVEs) are thought to be 63 acquired through the action of endogenous retrotransposon-derived reverse 64 transcriptases (Belyi, Levine, & Skalka, 2010a , 2010b Gilbert & Feschotte, 2010 ; 65 Horie et al., 2010; Katzourakis & Gifford, 2010; Taylor, Leach, & Bruenn, 2010) . 66 Consistent with this model, DNA derived from RNA viruses is produced in 67 persistently infected Drosophila cell lines (Goic et al., 2013) and in infected 68 Aedes albopictus mosquitoes (and multiple mosquito-derived cell culture lines). 69 Synthesis of this viral DNA (vDNA) depends on the activity of endogenous 70 reverse transcriptases (Goic et al., 2016; Goic, et al., 2013) . Furthermore, 71 sequencing of viral DNA isolated from Drosophila cell lines (Goic, et al., 2013) 72 has demonstrated the formation of recombinants between viral DNA sequences 73 and transposable elements. 74 Insects rely on RNAi-based immune defenses, wherein viral dsRNA 75 intermediates are recognized and processed through a dicer-and argonaute-76 mediated pathway, ultimately leading to cleavage of viral RNA and protection 77 from infection (Mongelli & Saleh, 2016) . Mosquitoes employ an additional RNAi 78 pathway which was previously associated primarily with TE silencing in 79 Drosophila, as an antiviral defense system (Hess et al., 2011; Miesen, Joosten, & 80 van Rij, 2016) (Kunitomi et al, submitted). The Piwi-interacting RNA (piRNA) 81 pathway, mediated by Piwi proteins and associated 24-28nt small RNAs, 82 involves the cleavage and processing of endogenous TE genomic antisense 83 transcripts into small RNAs. These small RNAs target TE transcripts with 84 appropriate sequence identity, yielding sense piRNAs that, in turn, drive further 85 antisense transcript processing. 86 Transcripts derived from genomic EVE sequences can be processed into 87 piRNAs, and a set of proteins responsible for their processing and maturation 88 has been identified ( not been yet described in a systematic way. 106 Here, we report the first such study, which examines the structure and 107 genomic context of the collection of non-retroviral EVEs present in the Aedes 108 aegypti-derived Aag2 cell line genome. Using an improved genomic assembly 109 from long-read sequencing as the basis of our analysis, we characterize the 110 structure and composition of EVE-containing loci across the entire genome. 111 Additionally, we compare these data to small RNA sequencing data from Aag2 112 cells to assess the transcription and processing of small RNAs originating from 113 these loci to understand the form and potential antiviral function of these 114 important loci. conventional Sanger sequencing (hereto referred to as 'LVP') (Nene et al., 2007) . 121 In both instances, the Liverpool strain of Ae. aegypti was sequenced (Table 1) . A 122 more recent study used Hi-C to further organize the Sanger-based Ae. aegypti 123 assembly into chromosome level scaffolds (Dudchenko et al., 2017) . Due to the 124 highly repetitive nature of the Ae. aegypti genome and EVEs' tendency to cluster 125 with transposable elements within such repetitive regions, many EVEs are likely 126 to be missing from the current Ae. aegypti assemblies, which are based on 127 relatively short read lengths (Nene, et al., 2007; Vicoso & Bachtrog, 2015) . 128 Assessing the comprehensive genome-wide diversity and genomic context of 129 EVE sequences therefore requires an improved genomic assembly. To this end, 130 we employed single-molecule, real-time sequence technology (Pacific 131 Biosystems) to generate a long read assembly of the genome of the cell line 132 Aag2. 133 We achieved approximately 76-fold coverage of the Ae. aegypti-based 134 Aag2 genome using the Single Molecule Real Time (SMRT) sequencing platform 135 (P6/C4 chemistry) to shotgun sequence 116 SMRT cells generating 92.7 GB of 136 sequencing data with an average read length of 15.5 kb. We used Falcon and 137 Quiver to generate a de novo 1.7 Gbp assembly with a contig N50 of ~1.4 Mbp. 138 Our draft assembly improves upon previous Aedes assemblies as measured by 139 N50, L50, and by contig number (Table 1 and Figure 1a ). A majority of the Aag2 140 assembly sequence is found on contigs 10-100x longer than previous 141 assemblies. This increased contiguity allows the mapping of numerous contigs 142 from the initial LVP assembly to single Aag2 contigs (SI Figure 1 ), and makes for 143 an overall more ordered genome assembly.
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Repetitive nature of the Aag2 genome 146 The genome of Ae. aegypti was previously shown to contain high 147 proportions of repeat-DNA (Nene, et al., 2007) . The Ae. aegypti-derived Aag2 148 genome is no different, and is comprised of almost 55% repeat sequence (Table   149 1 and Table 2 ). Our sequencing strategy allows more repeats to be sequenced 150 within a single read, and therefore better reflects the structure and organization 151 of these repetitive elements. Direct alignment of contigs in the Aag2 assembly 152 and those of previous Ae. aegypti assemblies reveal resolved rearrangements 153 and distinct repeated regions that were collapsed into single sequences in the (Table   158 2). The organization of these loci is similar to that of piClusters (Yamanaka, 293 Siomi, & Siomi, 2014): piRNA-producing loci in the genome that result from the 294 accumulation of TE fragments (due to non-random LTR integrase-directed 295 integration) (Lesbats, Engelman, & Cherepanov, 2016) . To assess the ability of 296 these loci to produce piRNAs, we performed small RNA sequencing, employing a 297 procedure to enrich for bona fide piRNAs. Indeed, we found that these loci 298 produce a large number of piRNAs in a predominantly anti-sense orientation, 299 consistent with the transcription of piClusters (Czech & Hannon, 2016; 300 Yamanaka, et al., 2014). 301 We then used bioinformatic prediction to identify putative piClusters in the 302 genome based upon piRNA mapping density. This analysis identified 469 piRNA-303 encoding loci (piClusters) using proTRAC ( 315 To examine whether piCluster-resident EVEs are under selection we 316 examined the relative transcription of piClusters throughout the genome. 317 piClusters that contain EVEs tend to produce more piRNAs (Fig 4d,e ) The 318 increased piRNA production at EVE-containing loci, is consistent with the 319 observation that piClusters with EVEs exhibit higher transcription factor binding 320 site density (Fig 4f) . GATA4, SOX9 and RFX transcription factor binding sites are 321 all enriched near EVE-containing piClusters (p<2E-16, Wilcox rank-sum test). 322 These data together suggest that selection acts at the level of EVE-specific 323 piRNA production. regions can be quite distinct (Suzuki, et al., 2017) . As the authors noted, this 413 hints at an evolutionary role for the EVEs themselves, but not necessarily the 414 specific surrounding regions. Given the difference in piRNA production among 415 piClusters with EVEs and without (Figure 4d ,e), selection may only act at the 416 level of piRNA production, rather than the specific TE elements. 417 Uncovering the genomic context of EVEs highlights the potential for the 418 piRNA system to shape the mosquito immune system. It also provides a 419 foundation for future investigations into EVE function. Comparative genomic 420 approaches that incorporate long-read sequencing to understand the diversity of 421 the EVEome across populations will allow us to better understand the forces that 
